Cysteine-rich intestinal protein (CRIP 5 ), which contains a double zinc-finger motif, 1 is a member of the Group 2 LIM protein family. Our results showed the developmental 2 regulation of CRIP in neonates was not influenced by conventional vs. specific pathogen 3 free housing conditions. Thymic and splenic CRIP expression was not developmentally 4 regulated. A line of transgenic (Tg) mice which overexpress the rat CRIP gene was 5 created. When challenged with lipopolysaccharide,
Introduction 1
Cysteine-rich intestinal protein (CRIP) is a zinc binding protein which was initially 2 identified as a developmentally regulated intestinal gene and has subsequently been 3 identified in several other tissues and cells (3, 15, 16) . The zinc-binding property of CRIP 4 has been attributed to the LIM domain, which consists of a specific two zinc finger motif 5 that has a highly conserved Cys 2 HisCys plus Cys 4 sequence (9, 13) . The LIM protein 6 family is large. CRIP is the most elementary member of the Group 2 LIM protein family 7
as it contains only one LIM domain. This group within the LIM protein family does not 8 contain a homeodomain as found in other LIM proteins. In general, it is proposed that 9 the LIM protein family plays a regulatory role which influences differentiation and growth 10 of eukaryotic cells. However, the exact function of any of the Group 2 LIM proteins is not 11 established. LIM proteins may increase in relative abundance with increasing genomic 12 complexity of the organism. For example, in S. cerevisiae and C. elegans, the LIM 13 domain genes represent 2% and 6% of all zinc finger domain genes in the respective 14 genomes (9) . This increasing abundance points to key regulatory functions for all LIM 15 proteins. 16 CRIP expression is upregulated in the intestine of young rats just prior to 17 weaning (3, 24) . We proposed that CRIP expression in neonates is induced by 18 glucocorticoid hormones (24) . Indeed, the CRIP promoter has consensus sequences for 19 glucocorticoid response elements, imparts glucocorticoid responsiveness in reporter 20 constructs, and glucocorticoid hormone will induce precocious CRIP synthesis in 21 newborn rats (23, 24) . Consequently, glucocorticoid hormones most likely contribute in 22 part to the postnatal increase in expression. 23 Our experiments have demonstrated that CRIP is expressed in immune cells and 24 tissues, specifically in peritoneal macrophage and peripheral blood mononuclear cells 25 (PBMC), at levels similar to the high levels of expression in the small intestine of 26 Page 7 fetal calf serum at 2 x 10 6 cells/ml. An aliquot of cells was incubated with 10 ug/ml of 1 PHA in 48-well cell culture plates for 24 h at 37EC, 95% humidity, and 5% CO 2 . The 2 supernatants were removed and frozen at -80EC until the cytokines were measured as 3 described below. 4
Quantitative PCR and Western Analysis. cDNA was synthesized from 1-3 µg 5 of total RNA using reverse transcriptase (RT) and amplified with DNA polymerase in a 6 25 µL reaction mixture. Measurement of r/mCRIP mRNA levels by quantitiative PCR 7 used primers (forward) 5'-GCGACAAGGAGGTATTTCA-3' and (reverse) 8 5'-TTCCACATTTCTCGCACTTC-3', and a fluorescence resonance energy transfer 9 (FRET) probe 5'-6FAM-TGACGTCACTAGGCAAGGACTGGCAT-TAMRA, selected 10 using Primer Express software (Applied Biosystems, Foster City, CA). These were 11 based on sequence information for rat CRIP (12) . The primer and probe set for 18S 12 ribosomal RNA used for normalization were from Applied Biosystems. Relative 13 quantitation was calculated from a standard curve generated by 1:10 dilutions of total 14 RNA to produce a 4-5 log range as described recently in detail (28) . Amplification of 15 PCR products was measured fluorimetrically (ABI Model 5700 Sequence Detection 16 System). Routinely, RT reactions were for 30 min at 48° C, and PCR was for 40 cycles. 17
Proteins in tissue cytosol preparation were separated by 15% Tris-Tricine 18 SDS-PAGE (16) . After transfer to Immobilon-P membrane (Millipore, Bedford, MA), 19 immunodetection was with ammonium sulfate precipitate and Protein A-purified rabbit 20
IgG prepared against a synthetic peptide (CGFGRGGAESHTFK) representing amino 21 acids 65-77 of the C terminus of r/mCRIP with a cysteine added to facilitate conjugation 22 to keyhole limpet hemocyanin. These methods have been described previously (14, 20) . as serum IFN-γ, IL-6, IL-10, and TNF-α after LPS challenge, were measured using 6 commercial ELISA kits (Cytimmune, College Park, MD). IL-2 production was based on 7 [ 3 H] thymidine incorporation by murine HT-2 lymphocytes measured using a bioassay as 8 described previously (22) . 9
Statistical analysis. Tests for significance were performed using the Student's 10 t-test, Mann-Whitney test, or 2×2 factorial ANOVA using GraphPad Software (San 11 Diego, CA) or the SAS System (SAS Institute Inc., Cary, NC). When necessary, data 12 were subjected to log 10 transformation to lessen variance heterogeneity. 13 
14

Results
15
Response to the environment. Relative quantitative analysis of CRIP mRNA 16 quantities (abundance) by Q-PCR shows the wide range of CRIP expression that occurs 17 in neonates from birth to 41 days of age (Fig. 1) . Of note is that SPF-maintained NTg 18 mice exhibited essentially the same CRIP upregulation starting at about 15 days of age 19 as did conventionally-maintained mice. Also of considerable interest is that CRIP mRNA 20 levels in thymus and spleen are negligible during these early weeks of life ( Fig. 1) . 21
Response to LPS challenge. Since CRIP expression is highly expressed in 22 immune cells, which respond to microbial factors, we subjected both the NTg and Tg 23 mice to LPS as a model extracellular pathogen challenge. The induction of CRIP 24 expression by LPS is shown in Fig. 2 . CRIP mRNA was measured by real-time PCR, 25 and data are presented as relative quantities ( Fig. 2A) . LPS produced increases in 26 Page 9 CRIP mRNA ranging from 1.4 to 2.2 in intestine, spleen, and thymus. These were 1 statistically significant (P < 0.02 or less) for each comparison pair (± LPS). Expression 2 was markedly greater in the Tg mice. Similarly, western analysis showed LPS induced 3 changes in CRIP protein present in cytosol extracts of these tissues. However, the 4 sensitivity is such that only the data from the Tg mice were analyzed statistically 5 (Fig. 2B ). As shown, LPS produced a significant increase for each comparison pair 6 (P < 0.05 or less). 7
Reduced serum zinc concentrations are a well-recognized consequence of acute 8 endotoxemia and demonstrate here the comparable systemic response of NTg and Tg 9 mice to LPS (Fig. 3A) . Within 48 h after LPS challenge, over 50% of Tg mice died in 10 contrast to only 10% of the NTg mice (Fig. 3B ). During the course of the challenge, all 11
Tg mice developed diarrhea (Fig. 3C ). These mice were lethargic and were not 12 grooming themselves, both features of endotoxic shock (26) . In comparison, morbidity 13 was less in the NTg mice. Tg mice also lost significantly more weight compared to NTg 14 mice by d 2 after LPS (Fig. 3D) . After this point, NTg mice began to recover from the 15 LPS as observed by increased weight. At the end of the 8-day comparison period, the 16 Tg mice still had a lower body weight. Saline-treated NTg and Tg mice did not lose 17 weight, and there was no mortality (Fig. 3B and 3D ). Since intestinal CRIP expression 18 was greater in Tg mice than NTg mice, the higher CRIP level is correlated to the higher 19 incidence of LPS-induced diarrhea in the Tg mice after LPS challenge. 20
The increased sensitivity to LPS observed in the Tg mice suggests the response 21 could be the result of cytokine dysregulation. To investigate this possibility, serum 22 cytokines were measured after LPS challenge ( Table I) . Serum IFN-γ concentrations in 23
Tg mice were about one-third those found in the NTg group. Serum TNF-α was also 24 depressed between the two genotypes, but not significantly. Serum IL-10 was 25 approximately threefold higher in Tg mice, whereas serum IL-6 was twofold higher in 26 Page 10 these mice. These results are consistent with an increase in cytokine dysregulation in 1 the CRIP overexpressing mice following a stimulus of an extracellular pathogen. To 2 further investigate the possibility of cytokine dysregulation in CRIP overexpression, 3 splenocytes obtained from both genotypes were stimulated in culture with the mitogen 4 PHA (Table I ). There was significantly less IFN-γ and IL-2 production by the cultured Tg 5 splenocytes, with correspondingly greater IL-6 and IL-10 production. There was no 6 difference in TNF-α production between splenocytes from the two genotypes. 7
Splenocytes from Tg mice also exhibited significantly (P < 0.008) decreased proliferation 8 (24% of the NTg cells) using the 3 H-thymidine incorporation assay (data not shown). 9
The observed increases in Th2 cytokines IL-6 and IL-10 observed in the CRIP Tg 10 mice suggest they would show an altered Th1 response, e.g., delayed-type 11 hypersensitivity (DTH). As shown in Fig. 4 , the DTH response to DNFB was significantly 12 depressed in the Tg mice. This supports the finding of cytokine imbalance favoring Th2 13 over Th1 cytokines in the Tg mice. 14 Response to influenza virus. Infection with flu virus served as a model to test 15 the effect of CRIP overexpression on the response to an intracellular pathogen. Serum 16 zinc concentrations at day 2 were comparable in both genotypes, but there was a 17 significant decline in the Tg mice by day 8 (Fig. 5A) . The ability to clear influenza virus 18 from the lung was significantly compromised (P < 0.05) in the Tg genotype (Fig. 5B) . By 19 day 8, all of the NTg mice had cleared the virus from the lungs, but none of the Tg mice 20 cleared the virus (P < 0.05). All mice began losing weight during the first 24 h after 21 infection (Fig. 5C ). After day 3 the NTg mice started to regain weight. The Tg mice 22 continued to lose weight through day 4, and had significantly (P < 0.05) lower body 23 weight throughout the 8-day observation period. The reduced response to viral 24 challenge in the Tg mice points to an altered host defense due to CRIP overexpression. 25
The normal physiological role of CRIP is not known. However, the high level of 2 expression in immune cells compared to other cells is evidence that this protein may 3 have a role in host defense (14, 15, 20) . In support of this notion, high levels of CRIP 4 expression in peritoneal macrophages, thymus, and spleen are increased upon induction 5 by LPS (14, 15) . Intestinal CRIP abundance varies among intestinal cell types, being 6 highest in Paneth cells, followed by eosinophils within the lamina propria (14) . Both cell 7 types are well-defined immune cells. CRIP is also localized, albeit to a lesser extent, in 8 intestinal epithelial cells (14) . Recently, the gut epithelium has been shown to produce 9 inflammatory cytokines in response to pathogenic bacteria (33) . Consequently, 10 enterocytes must also be considered to be immune cells, perhaps by aiding in tolerance 11 of the gut to pathogens. To test the possibility of an immune function for CRIP further, in 12 these studies we examined the result of CRIP overexpression to models of extracellular 13 (LPS) and intracellular (viral infection) pathogen exposure. 14 The intestine provides an important part of the mucosal immune system (6, 8, 18) ; 15 consequently, factors regulating these systems should respond to conditions within the 16 intestinal lumen. This time period corresponds to the point at which the gut is adapting 17 to both colonization with enteric microflora and marked changes in diet (17, 18) . As 18 shown in Fig. 1 , the developmental increase in CRIP expression is not a response to 19 environmental factors since CRIP concentrations increase to the same extent in 20 neonates maintained in SPF condition as those raised in a CONV environment. This 21 suggests that glucocorticoid hormone, which is able to produce a precocious increase in 22 CRIP expression in neonatal rat pups (24, 32) , is the primary stimulus for the 23 developmental increase in CRIP in rodent intestine. An immunological response to 24 enteric pathogens may be a factor in CRIP expression, but that possibility was not tested 25 in these experiments. 26 Page 12
Our Tg mice maintained as an adult breeding colony have not shown any 1 abnormality in reproduction, growth, or gross intestinal morphology, but, as shown in this 2 report, these mice are more sensitive to LPS and influenza virus. This suggests to us 3 that the function of CRIP is as a modifier of a response rather than as a direct initiator of 4 a response, which, if overexpressed, would result in obvious morbidity or morphology. 5 LPS is known to cause a complex reaction of the immune system (36), and 6 initially has strong stimulatory effects on macrophages and other immune cells, including 7
release of cytokines such as IL-1, IL-6, and TNF-α. The time period chosen to examine 8 these cytokines was one where some, e.g., IL-2, exhibit maximal levels following 9 stimulation. CRIP overexpression appears to alter cytokine patterns in LPS-stimulated 10 mice with a shift to an increase in IL-6 and IL-10 and a decrease in IFN-γ and IL-2. 11
Production of TNF-α, a macrophage-derived cytokine, is not changed with CRIP 12 overexpression within the time period examined, suggesting differences in production of 13 these cytokines is somewhat specific, and that CRIP overexpression affects lymphocyte 14 function more than monocyte function. Because IL-10 suppresses lymphocyte and 15 macrophage function, the marked (threefold) increase in its production may explain, in 16 part, the increased sensitivity to LPS that the Tg mice display. 2) is CRIP overexpression affecting the differentiation pathways of these two cell types? 8 CRIP expression may also be related to a combination of these two events. Using the 9 data presented here, we have developed a working model, briefly described earlier (11), 10 based on CRIP-related cytokine dysregulation that will be tested in future experiments. 11
There is precedence in the literature for cytokine expression regulation by a zinc finger 12 protein. Specifically, TNFα production is regulated by tristetraprolin, a CCCH zinc finger 13 protein (7), through a feedback inhibitory mechanism influencing TNFα mRNA. through metal response elements in the calreticulin promoter (34) . This model will be 21 applied to test the response of CRIP function in other situations, e.g., zinc deficiency. 22
Th2 cytokine production is decreased in zinc deficient mice (37) . The same response 23 has been shown in zinc deficient humans (2) . Since CRIP is a zinc finger protein that 24 may be influenced by cellular zinc pools, a link between zinc-related immune dysfunction 25 and the proteins CRIP and calreticulin will be a focus of our further research.
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Like other LIM proteins, CRIP may be involved in control of cellular determination 1 and differentiation or the regulation of specific processes. The LIM protein MLP is 2 involved in muscle cell differentiation (1), and LMO1 (previously Rbtn1 or Ttg-1) is a 3 transcription factor involved in T-cell proliferation (5) . Similarly, the protein LMO2 4 (previously Rbtn2 or Ttg-2) was found to be part of a DNA-binding complex important for 5 mouse hematopoietic development (31, 40, 41) . The function of CRIP may involve 6 protein-protein interactions that include interaction with cytoplasmic factors and/or 7 nuclear factors such as the nuclear LIM interactor protein (19) or the Clim/Ldb/Nli 8 coregulator family (38) . 
